Tumor epithelial cells develop within a microenvironment consisting of extracellular matrix, growth factors, and cytokines produced by nonepithelial stromal cells. In response to paracrine signals from tumor epithelia, stromal cells modify the microenvironment to promote tumor growth and metastasis. Here, we identify interleukin 33 (IL-33) as a regulator of tumor stromal cell activation and mediator of intestinal polyposis. In human colorectal cancer, IL-33 expression was induced in the tumor epithelium of adenomas and carcinomas, and expression of the IL-33 receptor, IL1RL1 (also referred to as IL1-R4 or ST2), localized predominantly to the stroma of adenoma and both the stroma and epithelium of carcinoma. Genetic and antibody abrogation of responsiveness to IL-33 in the Apc Min/+ mouse model of intestinal tumorigenesis inhibited proliferation, induced apoptosis, and suppressed angiogenesis in adenomatous polyps, which reduced both tumor number and size. Similar to human adenomas, IL-33 expression localized to tumor epithelial cells and expression of IL1RL1 associated with two stromal cell types, subepithelial myofibroblasts and mast cells, in Apc Min/+ polyps. In vitro, IL-33 stimulation of human subepithelial myofibroblasts induced the expression of extracellular matrix components and growth factors associated with intestinal tumor progression. IL-33 deficiency reduced mast cell accumulation in Apc Min/+ polyps and suppressed the expression of mast cell-derived proteases and cytokines known to promote polyposis. Based on these findings, we propose that IL-33 derived from the tumor epithelium promotes polyposis through the coordinated activation of stromal cells and the formation of a protumorigenic microenvironment.
Tumor epithelial cells develop within a microenvironment consisting of extracellular matrix, growth factors, and cytokines produced by nonepithelial stromal cells. In response to paracrine signals from tumor epithelia, stromal cells modify the microenvironment to promote tumor growth and metastasis. Here, we identify interleukin 33 (IL-33) as a regulator of tumor stromal cell activation and mediator of intestinal polyposis. In human colorectal cancer, IL-33 expression was induced in the tumor epithelium of adenomas and carcinomas, and expression of the IL-33 receptor, IL1RL1 (also referred to as IL1-R4 or ST2), localized predominantly to the stroma of adenoma and both the stroma and epithelium of carcinoma. Genetic and antibody abrogation of responsiveness to IL-33 in the Apc
Min/+ mouse model of intestinal tumorigenesis inhibited proliferation, induced apoptosis, and suppressed angiogenesis in adenomatous polyps, which reduced both tumor number and size. Similar to human adenomas, IL-33 expression localized to tumor epithelial cells and expression of IL1RL1 associated with two stromal cell types, subepithelial myofibroblasts and mast cells, in Apc Min/+ polyps. In vitro, IL-33 stimulation of human subepithelial myofibroblasts induced the expression of extracellular matrix components and growth factors associated with intestinal tumor progression. IL-33 deficiency reduced mast cell accumulation in Apc Min/+ polyps and suppressed the expression of mast cell-derived proteases and cytokines known to promote polyposis. Based on these findings, we propose that IL-33 derived from the tumor epithelium promotes polyposis through the coordinated activation of stromal cells and the formation of a protumorigenic microenvironment.
IL-33 | colorectal cancer | ApcMin | wound healing | Th2 immunity C olorectal cancer (CRC) is a leading cause of cancer-related deaths worldwide. The origins of hereditary colon cancer (familial adenomatous polyposis) as well as sporadic CRC are closely associated with mutations in the adenomatous polyposis coli (APC) tumor suppressor gene (1, 2) . Subsequent loss of heterozygosity for APC in intestinal epithelial cells (IECs) activates Wnt signaling through stabilization of β-catenin, which is sufficient to initiate polyp formation (3) . Although genetic alterations in IECs are a driving force of dysplasia, intestinal tumors are rarely, if ever, entirely composed of a genetically altered epithelium. Rather, a host of ancillary cells including gut mesenchymal cells [e.g., smooth muscle cells, endothelial cells, and subepithelial myofibroblasts (SEMFs)] as well as mucosal immune cells are intermingled with the tumor epithelial cells. Importantly, these stromal cells regulate the tumor microenvironment to influence CRC initiation and progression (4, 5) .
Stromal cells of the normal intestinal mucosa have an inherent ability to rapidly react to changes in epithelial cell homeostasis. In response to tissue damage such as infection, the stromal compartment produces cytokines and chemokines, extracellular matrix (ECM) proteins, ECM remodeling molecules, and growth factors to coordinate immune responses and mediate tissue repair through epithelial restitution and proliferation (6, 7) . The CRC stroma acquires a similar activated phenotype and produces the same soluble factors and ECM components associated with inflammation and wound healing to promote proliferation and survival of transformed epithelia, tumor immune evasion, angiogenesis, and tissue invasion and metastasis (5, 8, 9) . Importantly, the tumor epithelium directly activates stromal cells through the release of paracrine factors and cytokines, such as transforming growth factor-β (TGFβ), to establish a microenvironment favorable to tumor growth and metastasis (4, (9) (10) (11) . Thus, tumor epithelial cell-derived paracrine factors that modulate stromal cell function are potential biomarkers of disease prognosis as well as targets for anticancer therapy (9, 12) .
Interleukin 33 (IL-33) is a member of the IL-1 family of cytokines and is expressed in several organ systems including the gastrointestinal tract (13) . Nonhematopoietic cells, including epithelial cells, myofibroblasts, fibroblasts, adipocytes, smooth muscle cells, and endothelial cells, are the primary sources of IL-33 production (14) (15) (16) , but professional antigen-presenting cells such as macrophages also express IL-33 (16) . Similar to IL-1α, IL-33 is a dual-function protein with roles as a nuclear factor and a classical cytokine (17) . IL-33 functions as a prototypic "alarmin," passively released by stressed, damaged, or necrotic cells to alert the immune
Significance
Colorectal cancer results from genetic lesions in epithelial cells. However, the tumor microenvironment, which is formed by nonepithelial stromal cells, also plays an important role in this disease. The influence of the microenvironment on tumorigenesis is mediated by paracrine signals between tumor epithelial cells and neighboring stromal cells. We found that expression of interleukin 33 (IL-33), an important mediator of type 2 immunity and wound repair, is induced in epithelial cells of human and mouse intestinal tumors. IL-33 promoted intestinal tumorigenesis in Apc Min/+ mice and activated two stromal cell types, subepithelial myofibroblasts and mast cells, known to mediate intestinal dysplasia. Tumor epithelial cells are proposed to coopt IL-33-mediated immune and wound-healing responses to create a microenvironment favorable to tumorigenesis.
system of a local threat such as trauma or infection (18, 19) . As a cytokine, IL-33 activates a heterodimeric receptor complex comprised of IL-1 receptor-like 1 (IL1RL1; also referred to as IL1-R4 or ST2L) and its coreceptor, IL-1 receptor accessory protein (IL1RAcp), which regulates inflammatory gene expression through MAPK and NF-κB signaling cascades (16, 20) . A splice variant of IL1RL1 exists as a soluble isoform (commonly referred to as sST2) and is proposed to act as an antagonistic decoy receptor for IL-33 (21) . Several immune cells, including mast cells and T helper (Th) 2 lymphocytes, as well as nonhematopoietic cells, including epithelial cells, myofibroblasts, and endothelial cells, express IL1RL1 (22) .
IL-33 is an important mediator of inflammation and woundhealing responses in several tissues. In the gastrointestinal tract, IEC-derived IL-33 enhances mucosal barrier defense against helminth parasites by augmenting type 2 immune responses and Th2-associated interleukin production (e.g., IL-4 and IL-13), which mediate parasite expulsion, activate wound-healing responses in SEMFs, and promote IEC proliferation and mucus production for epithelial restitution and repair (6, 16, 23) . In inflammatory bowel disease (IBD), in particular active ulcerative colitis, IL-33 expression is induced in IECs and infiltrating lamina propria mononuclear cells of ulcerative lesions and SEMFs beneath active lesions (24) (25) (26) (27) (28) . Importantly, two recent studies have established a positive correlation between IL-33/IL1RL1 expression levels and human CRC progression and metastasis (29, 30) . However, the contribution of IL-33 to overall tumor risk remains to be directly assessed, and the mechanisms by which IL-33 contributes to tumor initiation and progression remain unexplored.
In the present study, we demonstrate that IL-33 is an important cytokine mediator of intestinal tumorigenesis. In human and mouse adenomas, IL-33 and IL1RL1 expression are shown to localize primarily to the tumor epithelium and stroma, respectively. Using both genetic and antibody suppression of IL-33 signaling in Apc Min/+ mice, cytokine IL-33 is shown to promote polyposis and influence adenomatous cell (tumor epithelial cell) proliferation and apoptosis and tumor-associated angiogenesis.
We demonstrate that IL-33 expression is induced in adenomatous cells of Apc Min/+ polyps and that two stromal cell types previously associated with intestinal tumorigenesis, SEMFs and mast cells, express IL1RL1. In response to IL-33, SEMFs and mast cells express ECM components and remodeling proteins, growth factors, and angiogenesis regulators, and cytokines characteristic of activated stroma and involved in tumorigenesis. Taken together, our observations suggest that tumor epithelial cells coopt IL-33-induced tissue repair responses to form a tumor microenvironment favorable to polyposis.
Results

IL-33
Expression Is Induced in Human CRC. We initially tested whether IL-33 signaling is associated with CRC in humans. Using quantitative PCR (qPCR), IL33 expression was found to be significantly increased in adenocarcinomas and patient-derived CRC cell lines compared with expression in adjacent normal tissues (Fig. 1A) . IL33 expression in cell lines was significantly higher than that in both normal intestinal tissues and tumors, suggesting that IL33 is enriched in the tumor epithelium. Reanalysis of IL33 expression in the CRC Affymetrix datasets published by Skrzypczak et al. (31) produced similar results, with IL33 expression significantly increased in CRC whole tissue biopsies and in laser-microdissected CRC mucosa and crypt epithelium (Fig. 1B) . Reanalysis of IL-33 expression in the CRC Affymetrix datasets published by Sabates-Bellver et al. (32) produced similar results (Fig. S1A) . Importantly, circulating levels of IL-33 were significantly increased in CRC patients compared with healthy individuals (Fig. S1B) .
Next, we used immunohistochemistry to examine the distribution of IL-33 and IL1RL1 in CRC and adjacent normal tissue. In normal tissue, IL-33 immunolabeling was observed in stromal cells within the lamina propria but rarely in the epithelium (Fig.  1C) . In adenoma and carcinoma, the tumor epithelium represented the major source of IL-33 expression (Fig. 1 D and E) . Tumor stromal cells, including endothelial cells, positive for IL-33 were rare. IL1RL1 expression in normal tissue was observed in some stromal cells of the lamina propria and rarely within the epithelium (Fig. 1F) . In adenomas, IL1RL1 expression localized predominately to stromal cells. Endothelial cell and adenomatous cell immunostaining was rarely observed (Fig. 1G) . In carcinoma, IL1RL1 immunolabeling of both carcinoma cells and stromal cells was observed, and endothelial cell staining was infrequent (Fig. 1H) . In summary, our analysis of IL-33 and IL1RL1 expression in CRC suggests that the epithelium is a major source of IL-33 expression and that tumor-associated stromal cells predominately express IL1RL1. Thus, IL-33 appears to be an epithelial cell-derived signal that modulates stromal cell function. However, IL1RL1 expression in carcinoma cells suggests that as CRC progresses the transformed epithelium also acquires the capacity to respond to IL-33 autocrine/paracrine signals. Fig. S3C ). Because IL-33 is proposed to have dual roles as a chromatinassociated nuclear factor and a cytokine (17), we used an IL1RL1 antagonist antibody (34) to test whether the cytokine function of IL-33 promotes polyposis. B6-Apc
Min/+ mice were treated with 150 μg of an anti-IL1RL1 antibody or IgG control twice a week from 21 to 90 d of age. At this time point, anti-IL1RL1 treatment significantly reduced polyp number by 55% and polyp size by 8% ( Fig. 2 D and E and Fig. S3C ). Thus, based on the results of two independent strategies for blocking IL-33 signaling, we find that the cytokine function of IL-33 is an important mediator of intestinal polyposis.
Various cytokines associated with polyposis stimulate IEC proliferation and survival (4, 35) . Therefore, we used BrdU incorporation and TUNEL assays to compare cell proliferation and apoptosis, respectively, in Apc 
,Il33
−/− test mice. Importantly, IL-33 deficiency significantly reduced mean vessel surface area by 42% in polyps ( Fig. 2H and Fig. S4C ). Together these results suggest that IL-33 signaling promotes tumor growth and associated angiogenesis.
Adenomatous Cells Express IL-33 in Apc
Min/+ Polyps. Expression of IL-33 in the gut mucosa has been localized to IECs, endothelial cells, SEMFs, and lamina propria mononuclear cells (25, 26) . In IBD, in particular ulcerative colitis lesions, previous studies revealed that IECs and SEMFs express IL-33 (25, 26, 28) . Therefore, we investigated whether IL-33 expression is also induced in IECs and SEMFs during polyposis. In the normal small intestine mucosa of WT mice, IL-33 expression localized to stromal cells (mononuclear immune cells and fibroblast-like cells) of the lamina propria but was minimally detectable in IECs, which were identified by membranous-associated β-catenin (CTNNB1) (Fig. 3A) . Similarly, normal epithelial cells in tissues surrounding polyps and in deep crypts under polyp lesions remained IL-33-negative (Fig. 3A) . In contrast, adenomatous cells, which were identified by cytoplasmic and nuclear accumulation of β-catenin, showed robust nuclear and cytoplasmic expression of IL-33 ( Fig. 3A) .
Next we tested whether polyp-associated SEMFs are a source of IL-33 expression. SEMFs exhibit features of both fibroblasts and smooth muscle cells and are characterized by immunoreactivity for smooth muscle actin (ACTA2) and vimentin (VIM) but not desmin (DES) (37) . Together these markers distinguish SEMFs from smooth muscle cells (ACTA2-positive, VIMnegative, and DES-positive) and fibroblasts (ACTA2-negative, VIM-positive, and DES-negative). In sections of normal gut mucosa, IL-33 immunolabeling predominately localized to the nuclei of pericryptal ACTA2-and VIM-positive SEMFs ( 
SEMFs Express IL1RL1 in Apc
Min/+ Polyps. Previous studies have established that myofibroblasts in chronic pancreatitis tissues express either IL-33 or IL1RL1 in response to different combinations of cytokines (38) . Based on evidence that myofibroblasts have the capacity to express IL-33 or IL1RL1, we tested whether polyposis in Apc Min/+ mice causes SEMFs to shift from an IL-33-to an IL1RL1-positive cell population. In sections of normal mucosa, IL1RL1 immunolabeling was weak to undetectable in all cell types (Fig. 4 A and B) . In contrast immunolabeling of Apc Min/+ polyp sections revealed strong IL1RL1 localization to stromal cells, with the highest levels of immunostaining localizing to cells just beneath the surface epithelia (Fig. S7A) . Coimmunolabeling for IL1RL1 and SEMF markers ACTA2 and VIM showed that IL1RL1-positive, periluminal stromal cells are SEMFs (Fig. 4 A and B and Fig. S8 ). DES-positive smooth muscle cells and CD31-positive endothelial cells were rarely positive for IL1RL1 immunolabeling (Fig. S6 C and D) . Importantly, Il33 deficiency reduced, but did not suppress, SEMF immunolabeling for IL1RL1 in polyps, suggesting that IL-33 directly or indirectly regulates the expression of its own receptor in SEMFs (Fig. S7 A and B) . Together these results demonstrate that SEMFs, in particular those in periluminal regions, are the primary nonhematopoietic cell type expressing IL1RL1 in polyps.
SEMFs Express Genes Associated with Activated Stroma in Response to IL-33. In the normal intestinal mucosa, SEMFs are positioned subadjacent to the basement membrane and have a profound influence on stem cell maintenance and IEC homeostasis (39) . During infection, trauma, and neoplasia, SEMFs are induced to proliferate and release cytokines, growth factors, ECM components, and angiogenesis factors that mediate IEC proliferation, survival, differentiation, and repair (5, (39) (40) (41) . Therefore, to test whether IL-33 can also induce a gene expression profile indicative of activated SEMFs, the human SEMF cell line (CCD-18Co) (42) was cultured with recombinant human IL-33 or vehicle control and then subjected to whole transcriptome sequencing (RNA-Seq).
Comparison of mRNA expression between IL-33-and controltreated cells identified 1,357 transcripts that were differentially expressed more than 1.5-fold (P < 0.05) (Dataset S1). Gene Ontology (GO) Biological Processes and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analysis of the 699 transcripts up-regulated by IL-33 enriched for several annotations associated with activation of stromal fibroblasts during tissue repair and tumorigenesis, including ECM processing and remodeling, collagen metabolism, angiogenesis, and growth factor signaling (Table 1 and Dataset S2) (9, 10, 43) . Curiously, the 658 transcripts down-regulated by IL-33 annotated into several pathways associated with DNA repair (Table 1 and Dataset S3) .
Interestingly, IL-33 treatment also induced SEMF expression of transforming growth factor, beta 1 (TGFB1) (Dataset S1) and the expression of several genes that annotated for TGFβ signaling (Datasets S1 and S2). Several cell types in CRC, including IECs and SEMFs, express TGFβ (9) . TGFβ release into the tumor microenvironment induces SEMF differentiation, migration, and expression of genes (e.g., ANGPTL4, PTHLH, HBEGF, CTGF, IL11, and TNC) known to promote metastasis of the tumor epithelium (5, 11) . Curiously, treatment of SEMFs with IL-33 increased the expression of these same TGFβ-regulated genes by 2-15-fold (P < 0.05). Importantly, IL-33 signaling also associated with TGFβ-induced gene expression in vivo. Immunolabeling Apc Min/+ polyp sections for tenacin-C (TNC), a downstream target of TGFβ in intestinal SEMFs (44) , revealed robust localization of TNC to ACTA2-positive, periluminal SEMFs (Fig. 4C) . Serial sections demonstrated that the TNC-positive SEMFs also express IL1RL1 and are adjacent to IL-33-positive tumor epithelia (Fig. 4C) . 
IL-33 Signaling Modulates Cytokine Expression in Apc
Min/+ Polyps.
Because IL-33 is an important mediator of intestinal immunity and IBD-associated inflammation (22), we next tested whether tumor-elicited cytokine production is altered in the polyps of Il33-deficient Apc Min/+ mice. IL-33 deficiency did not alter the expression of the innate immune response cytokines tumor necrosis factor (Tnf) and interleukin 1 beta (Il1b), Th1 immune response cytokine interferon gamma (Ifng), or Th17 immune response interleukins (Il17a, Il17f, Il22, and Il23) (Fig. S9 A-G) . However, expression of interleukins associated with Th2 immune responses (Il4 and Il13) and chronic and tumor-elicited intestinal inflammation (Il6) was significantly reduced in IL-33-deficient polyps (Fig. 5 A-C) . Interestingly, IL-33 signaling deficiency also reduced expression of membrane-bound, but not -soluble, Il1rl1 (Fig. 1 D and E) , suggesting that IL-33 regulates the isoformspecific expression of its own receptor in target cells or that IL-33 influences the recruitment or proliferation of cells that express the membrane-associated isoform. Similar changes in cytokine gene expression were observed in IL1RL1 antagonist antibody-treated Apc Min/+ polyps (Fig. 5 A-C and Fig. S9 A-G) . Thus, abrogation of responsiveness to IL-33 appears to primarily influence Th2-associated cytokine production during polyposis.
IL-33 Signaling Contributes to Polyp-Associated Mastocytosis. Because IL-33 signaling deficiency suppressed Th2-associated cytokine expression during polyposis, we sought to identify a cell type associated with Th2 immune responses through which IL-33 signaling may promote polyposis. IL1RL1 is expressed in the mast cell lineage starting in committed progenitor cells and promotes mast cell maturation, survival, granule accumulation, tryptase production, and expression of Th2-associated cytokines (45, 46) . Previous studies showed that mast cells accumulate in human and mouse intestinal adenomas and promote polyposis in Apc mutant mouse models by regulating IEC homeostasis, stimulating angiogenesis, and modulating immune responses within the tumor microenvironment (47) (48) (49) . Thus, we investigated the effect of IL-33 signaling deficiency on mast cell activation and recruitment in Apc Min/+ polyps. In mice, mast cells are historically divided into two populations, connective tissue mast cells and mucosal mast cells, which are distinguished by the differential expression of several chymases, tryptases, and proteases (50) . Both cell types are found within intestinal mucosa (47) . To test whether IL-33 signaling influences tumor-associated mast cell gene expression, we measured the expression of connective tissue mast cell-associated chymase and tryptase (Cma1 and Tpsb2) and mucosal mast cell-associated proteases (Mcpt4 and Mcpt2) in the polyps of Il33-deficient, IL1RL1 antibody-treated, and control Apc Min/+ mice ( Fig. 6 A and B and Fig. S9 H and I) . In the polyps of Apc Min/+ ,Il33 +/+ and control antibody-treated Apc Min/+ mice, expression of connective tissue and mucosal mast cell-related genes was substantially increased 50-800-fold compared with normal, WT mucosa. Importantly, both genetic and antibody abrogation of responsiveness to IL-33 signaling caused a 10-70-fold reduction in mast cell-associated gene expression in polyps. To test whether IL-33 signaling directly induces mast cell gene expression, we coimmunolabeled polyp sections for IL1RL1 and either tryptase, a connective tissue mast cell marker, or mast cell protease 1 (MCPT1), a mucosal mast cell marker. Both tumor-associated tryptase-positive and MCPT1-positive mast cells expressed IL1RL1 (Fig. 6 C and D) . Curiously, however, mast cells within normal intestinal mucosa and polyps of Il33-deficient Apc Min/+ mice did not express detectable levels of IL1RL1 (Fig. S10) , suggesting that IL-33 induces the expression of its own receptor in mast cells during polyposis.
The significant reduction of mast cell gene expression in Il33-deficient and antibody-treated polyps suggests that IL-33 influences mast cell activation, infiltration/expansion, or both. Therefore, we used chloroacetate esterase (CAE) staining (51) to identify and enumerate mast cells in polyps of Il33-deficient and control Apc Min/+ mice (Fig. 6E) . Importantly, polyps from Apc Min/+ ,Il33 −/− mice had fewer mast cells (fourfold reduction) compared with Apc Min/+
,Il33
+/+ controls (Fig. 6F) . Curiously, the fourfold decrease in mast cell numbers resulting from IL-33 deficiency is substantially less than the 10-70-fold decrease in mast cell gene expression observed in the same polyps ( Fig. 6 A and B and Fig. S9 H and I) . IL-33 signaling, therefore, appears to influence both mast cell accumulation and activation during intestinal polyposis.
Discussion
Carcinogenesis commonly associates with suppression of cellmediated cytotoxic (Th1) immunity and enhanced humoral (Th2) immunity (52) . Deviation toward Th1 immunity promotes tumor rejection by targeting and eliminating neoplastic cells (53) . Conversely, deviation toward Th2 immunity suppresses antitumor immunity and promotes wound-healing responses that enhance tumorigenesis (54) (55) (56) . In patients with CRC, total numbers of Th1 lymphocytes are decreased, Th1-associated cytokine production is reduced, and Th2-associated cytokine production is elevated (57-59). As CRC progresses, skewing toward Th2 immunity becomes more significant with Th2 cytokine levels, predictive of tumor reoccurrence and decreased disease-free survival (59, 60) . A similar imbalance between Th1-and Th2-mediated immunity has been observed in the polyps of Apc Min/+ mice (61). Compared with normal mucosa, Th1 cytokine expression is lower or unchanged and Th2 cytokine expression is increased in polyps. The mechanisms by which Th2 immunity is preferentially activated during intestinal tumorigenesis are not well defined. However, induction of prostaglandin-endoperoxide synthase 2 (COX-2) expression appears to play a role. COX-2-mediated production of prostaglandin E2 (PGE 2 ) suppresses Th1 responses and promotes Th2 immunity in both human CRC and Apc Min/+ polyps (61-63). However, the mechanisms through which PGE 2 enhances Th2 immunity remain unresolved. Curiously, PGE 2 has been shown to induce IL-33 expression in dendritic cells (64) . Thus, enhancement of IL-33 expression within the tumor microenvironment may be one mechanism through which PGE 2 induces Th2-immune and wound-repair responses that promote intestinal tumorigenesis.
A small but expanding body of evidence connects IL-33 signaling and its enhancement of Th2 immunity and wound-healing responses to tumorigenesis in several tissues (29, 30, (65) (66) (67) (68) (69) . In the present study, we demonstrate for the first time, to our knowledge, that the IL-33 signaling axis is also an important modulator of tumor initiation and progression in the intestine. In human and Apc Min/+ adenomas, adenomatous cells were the primary source of IL-33 expression, and stromal cells expressed IL1RL1. This cell type distribution of IL-33 and its receptor mirrors the distribution observed during mucosal type 2 immune and wound-healing responses to parasite infection (6) and fits a model in which tumor epithelial cells coopt mucosal immune and tissue repair responses to promote tumorigenesis (4, 5) . However, other cell types in normal mucosa surrounding intestinal tumors (e.g., SEMFs) and, in rare instances, within adenomas (e.g., endothelial cells) expressed IL-33. Thus, we cannot exclude the possibility that these cells are an additional/alternative source of cytokine IL-33 in adenomas. A conditional knockout allele of IL-33 will be necessary to evaluate the relative contribution of IL-33 expression by various cell types to tumor initiation and progression in the Apc
Min/+ mouse model. The extrinsic or intrinsic factors that induce IL-33 expression in adenomatous cells remain to be identified. Several studies previously showed that cytokines and eicosanoids associated with polyposis, such as TNF, IL-1β, TGFβ, PGE 2 , and pathogen-associated molecular patterns, such as lipopolysaccharide (LPS), induce IL-33 expression and in some instances release a variety of cell types (25, 26, 28, 38, 64) . However, the capacity of inflammatory molecules to induce CRC cell line expression and release of IL-33 has not been consistent among studies (25) (26) (27) . Alternatively, intrinsic properties of tumor epithelial cells, alone or in combination with inflammatory signals, may induce IL-33 expression. In Apc Min/+ polyps, IL-33 expression was localized to adenomatous cells with abundant nuclear localization of β-catenin. Thus, loss of heterozygosity for Apc and the constitutive activation of Wnt signaling may significantly contribute to IEC expression of Il33 expression. In support of this observation, IL-33 expression is significantly reduced following RNAimediated knockdown of β-catenin in CRC cell lines DLD1 and LS174T (70) .
Interestingly, we found that immunolabeling for IL-33 in the epithelium of human intestinal tumors decreased as tumors progressed to the carcinoma stage. Conversely, we observed little to no immunolabeling for IL1RL1 in adenomatous cells in human or mouse. However, some carcinoma cells were IL1RL1-positive. These results suggest that additional genetic alterations or changes in the microenvironment associated with carcinoma cause the epithelium to become responsive to IL-33. In fact, studies of head and neck squamous cell carcinoma (HNSCC), pancreatic carcinoma, and colon carcinoma cell lines suggest that IL-33 is an autocrine/paracrine mediator of carcinoma cell invasiveness and metastasis (30, 67, 68) . Thus, at later stages of CRC progression, IL-33 may directly influence the tumorigenic properties of both the epithelium and stroma.
Polyposis also significantly altered SEMF expression of IL-33 and IL1RL1. SEMFs are the primary mesenchymal cell type in the stroma of adenomas, and their activation leads to the production and release of several cytokines, growth factors, ECM components, and angiogenesis factors to form a microenvironment favorable to tumor initiation, progression, and metastasis (5, 9) . In our study, SEMFs surrounding crypts in normal mucosa and deep crypts under polyp lesions expressed IL-33. However, within polyp lesions, SEMFs expressed neither IL-33 nor the LacZ reporter of the IL-33 knockout allele. Instead, polypassociated SEMFs expressed IL1RL1, which was surprising because previous studies of normal and chronically inflamed intestinal mucosa did not report IL1RL1 expression by SEMFs (24, 26) . Previous studies of human chronic pancreatitis tissues showed subpopulations of myofibroblasts expressing either IL-33 or IL1RL1. In vitro, pancreatic myofibroblasts expressed IL-33 or IL1RL1 in response to different cytokines: IL-1β, TNF, and LPS induced IL-33 expression and IL-4 and IFN-γ induced IL1RL1 expression (38) . Thus, based on these observations, it is feasible that a cytokine milieu specific to polyposis activates SEMF expression of IL1RL1.
Transcriptional profiling of the human SEMF cell line CCD18Co demonstrated that IL-33 activates SEMF expression of factors that contribute to tumorigenesis (Dataset S1). In particular, IL-33 induced the expression of several growth factors, including fibroblast growth factors (FGF2 and FGF7), nerve growth factor (NGF), and amphiregulin (AREG), known to promote epithelial cell proliferation and tumor initiation and progression (9) . Additionally, IL-33 stimulated SEMF expression of matrix metalloproteinases previously associated with CRC, including MMP1 and MMP3, which degrade collagens, activate growth factors, promote tumor invasion, and mediate angiogenesis (43) . IL-33 induced the expression of several additional proangiogenic factors including VEGFC and IL8 (71, 72) . Thus, the decreased proliferation, increased apoptosis, and reduced vascularization observed in Il33-deficient Apc Min/+ polyps may be attributed, in part, to a reduction in SEMF activation. Curiously, IL-33 also stimulates SEMF expression of TGFB1. TGFB1 is a known paracrine/autocrine mediator of SEMF differentiation and contributor to stromal cell expression of secreted and membranebound factors that promote carcinoma cell metastasis (11) . SEMF expression of these same TGFβ-induced genes increased in response to IL-33, suggesting that IL-33 promotes metastasis through a TGFβ transcriptional program in the tumor stroma. Interestingly, Liu and coworkers (29) demonstrated that IL-33 acts on CRC cell lines to enhance carcinoma cell metastatic capacity. Thus, based on this previous study and our expression results, we propose that IL-33 signaling may alter the transcriptional profile of both carcinoma cells and tumor stromal cells to promote CRC metastasis.
In addition to influencing SEMF function, cytokine IL-33 promoted mastocytosis and mast cell activation in Apc Min/+ polyps. In the intestine, mast cells accumulate at sites of parasite infection to induce and participate in Th2-mediated immunity and wound healing (73, 74) . Mast cells release a variety of cytokines, proteases, histamine, eicosanoids, and growth factors that influence diverse physiological and pathological processes including epithelial cell proliferation and barrier integrity, granulocyte recruitment, angiogenesis, wound healing, and fibrosis (75) . It is through these factors that mast cells establish a microenvironment favorable to polyposis (76) . Using Apc mutant and colitis-induced mouse models of CRC, mast cell recruitment and activation have been shown to promote IEC survival and proliferation and tumor-associated angiogenesis (47, 77) . It is well recognized that IL-33 induces mast cell progenitor maturation and activates mast cell expression and release of cytokines (e.g., IL-4, IL-13, and IL-6), chemokines, proteases, and lipid mediators (46) . Thus, our observation that Il33 deficiency reduced mast cell number and the expression of Il4, Il13, Il6, and several proteases in polyps is consistent with the established role for IL-33 in mast cell activation and suggests that IL-33 is an important mediator of polyp-associated mastocytosis.
In conclusion, we have demonstrated that the IL-33 signaling network is induced in human CRC and plays an important role in intestinal polyposis in the Apc Min/+ mouse model. Our observations imply a model in which the tumor epithelium is a source of cytokine IL-33 during polyposis and that IL-33 activates at least two cell types, SEMFs and mast cells, to form a tissue microenvironment favorable to polyposis. Whether these two cell types independently influence different aspects (e.g., proliferation versus angiogenesis) or stages (e.g., initiation versus growth) of polyposis or cooperatively induce several protumorigenic phenotypes remains to be resolved. However, because SEMF-and mast cellderived factors (e.g., matrix metalloproteinases from SEMFs and chymases from mast cells) interact to regulate ECM remodeling and IEC homeostasis (78) , cooperative functions during polyposis are possible. Importantly, results from our assessment of IL-33 expression in CRC patients agree with previous analyses (29, 30) and suggest that IL-33 plays a similar role in progression of the human disease. Significantly, the ability of an IL1RL1 antagonist antibody to reduce tumor initiation and growth in the Apc Min/+ mouse model suggests that IL-33 signaling may be a useful target for CRC prevention or therapy.
Materials and Methods
Human Tissues and Cell Lines. For serum samples, patients with metastatic colon cancer treated at the University of Southern California/Norris Comprehensive Cancer Center (USC/NCCC) or the Los Angeles County + USC Medical Center (LAC+USCMC) between 1992 and 2003 were eligible for this study. This population included only metastatic or recurrent colon cancer patients. All patients in this study signed informed consents and enrolled in protocols designed to study the molecular determinants of colon cancer. These protocols permitted blood collection and/or tissue collection. All enrolled patients were followed with an institutional database. Patient information was collected through database review and retrospective chart review when additional patient information was necessary. A large number of the patients (220/318 = 69%) were initially treated at an outside institution until, because of failure to respond to previous treatment, they were referred to USC/NCCC or LAC+USCMC for future treatments. All 318 patients were enrolled in at least one chemotherapy clinical trial while being treated at this institution (USC/NCCC or LAC+USCMC). All patients were treated with 5-fluorouracil-based chemotherapy regimens. Response to chemotherapy was not investigated as an end point for this study. This is a heavily pretreated cohort, with 20 patients (6%) treated with one line of chemotherapy, 19 patients (6%) treated with two different chemotherapy regimens, 183 patents (58%) treated with three different chemotherapy regimens, and 96 patients (30%) treated with four chemotherapy regimens. Although the treatment regimens varied among patients, the majority of patients were exposed to similar chemotherapies. All 318 patients (100%) received treatment with 5-fluorouracil, 298 patients (94%) received treatment with 5-fluorouracil/irinotecan (CPT-11), and 279 patients (88%) received treatment with 5-fluorouracil/oxaliplatin. For RNA samples, the patient population from which colon adenocarcinoma and adjacent normal tissue biopsies were collected and cell lines were derived was previously described (79) . Representative examples of colonic adenocarcinomas and corresponding normal colonic mucosa were obtained as discarded tissue samples from the Tissue Procurement Service of the Case Comprehensive Cancer Center under an Internal Review Board-approved protocol at University Hospitals Case Medical Center.
Quantification of IL-33 Serum Protein Levels. Whole blood was drawn from patients with stage 4 metastatic, colorectal adenocarcinomas and healthy individuals using a 22-gauge syringe into red-topped vaccutainers and centrifuged for 10 min at 500 × g. Serum was collected from each sample, immediately aliquoted, and stored at -80°C until further assayed. All studies were approved by the Internal Review Board of the Keck School of Medicine of USC. Human serum IL-33 concentrations were measured using the IL-33 (human) ELISA kit (Enzo Life Sciences). (Fig.  S2B) . A PCR assay using primers WT-F 5′-TCCTGCCTCCCTGAGTACAT-3′, WT-R 5′-TTGCTCTTGGTCTTTTCCAGA-3′, KO-F 5′-AACAGTACTGAGATTTCAACAC-3′, and KO-R 5′-GTCTGTCCTAGCTTCCTCACTG-3′ was used to identify WT, heterozygous, and homozygous Il33 knockout mice (Fig. S2C ).
Microarray Reanalysis of IL33
Animals were housed in the Transgenic Mouse Facility at Baylor College of Medicine (BCM) with the exception of those used for antibody injection studies, which were housed at the Wolstein Research Facility at Case Western Reserve University (CWRU). Animals were maintained on a 12-h light/dark cycle and fed the Purina 5010 Lab Diet (CWRU) or the Harlan 2920x diet (BCM). For IL1RL1 antagonism studies, B6-Apc Min/+ were injected intraperitoneally with 150 μg of monoclonal anti-IL1RL1 (mu-IgG1-FC-anti-muST2, Amgen) or control IgG (4D2-mu-IgG1-anti-huAGP3-Pb, Amgen) twice a week from 21 to 90 d of age. For all studies, 90-d-old mice were euthanized by carbon dioxide, and the small and large intestines were removed, flushed with cold PBS, and cut longitudinally. Polyps were counted and their diameter was measured in the small intestine and colon using a Leica MZ10F Modular Stereomicroscope. All procedures were approved and conducted in compliance with Institutional Animal Care and Use Committee standards at BCM and CWRU.
qRT-PCR. RNA from frozen colon adenocarcinoma tissues and adjacent control tissues was extracted using a GIT/cesium gradient. Size-matched (1 mm) polyps from B6.Apc
Min/+ mice and normal mucosa from B6.Apc +/+ agematched littermates were scraped from the ileum or jejunum of the small intestine, and RNA was extracted using the Qiagen RNeasy Mini Kit. RNA was reverse transcribed with the SuperScript First-Strand Synthesis System (Life Technologies), and qRT-PCR was performed using the Roche FastStart Universal SYBR Green Master Mix (04913850001). Relative expression was calculated using Rpl7 and 18s as a housekeeping gene for mouse and human tissues, respectively, and the ΔΔCt analysis method. Primer sequences are available upon request.
Immunohistochemistry. Intestinal tissues (ileum and jejunum) from 90-d-old mice and human CRC biopsies (colon) were fixed in 4% (wt/vol) paraformaldehyde, embedded into paraffin blocks, and cut into 5-μm sections. Tissue sections were deparaffinized, processed for antigen retrieval in sodium citrate buffer (pH 6.0), and blocked in 5% (vol/vol) donkey serum, 3% (wt/vol) BSA, and 0.3% Triton X-100 in 1× PBS. Sections were incubated with primary antibodies (Table S1 ) overnight at 4°C. For angiogenesis assays, antigen retrieval was performed in Target Retrieval Solution (S170084, Dako), and sections were incubated with primary antibody for 1. , and 100 U/mL penicillinstreptomycin (15140, Life Technologies) at 37°C and 5% CO 2 . At 80% confluency, new medium supplemented with 10 ng/mL recombinant human IL-33 (3625-IL/CF, R&D Systems) or vehicle control (1× PBS) was added, and cells were cultured for an additional 6 h. RNA was processed in triplicate for each condition using the Qiagen RNeasy Mini Kit. Sequencing libraries were prepared and 6-plex barcoded with the Illumina TruSeq RNA Sample Prep Kit V2 and subjected to 100 cycles of paired-end sequencing on two flow cell lanes using an Illumina HiSEq. 2000 platform. Sequencing resulted in an average of 65 million paired-end reads per sample. RNA-seq data were assessed for quality using FastQC. Adapter sequences were removed and low-quality bases were trimmed from reads, reads were quality filtered, and sample reads were concatenated. The TopHat and Cufflinks V2.1.1 software packages were used to align and assemble reads using the UCSC hg19 genome and transcript annotation files (support.illumina.com/sequencing/ sequencing_software/igenome.html) as references. Differential expression between control and IL-33-treated conditions was assessed using the Cuffdiff module of Cufflinks with a false discovery rate of 0.05. IL-33-regulated mRNAs were defined as those with more than a 1.5-fold higher or lower expression (P < 0.05). All software was accessed through the Galaxy Server (galaxyproject.org). Functional annotation of up-and down-regulated mRNAs (1.5-fold, P < 0.05) was performed using the KEGG Pathways and GO Biological Processes annotations accessed through GeneCodis (genecodis.cnb.csic.es) (80) . Data are available in the GEO database (accession no. GSE62518).
CAE Staining. Intestinal tissues were fixed in 4% paraformaldehyde, embedded in paraffin blocks, and cut into 5-μm sections. Deparaffinized sections were stained for CAE with the Naphthol-AS-D chloroacetate (specific esterase) kit (91C-1KT, Sigma) and counterstained with hematoxylin according to the manufacturer's instructions.
Image Acquisition and Analysis. Bright field and fluorescence microscopy images of tissue sections were collected with a Zeiss Axioplan2 microscope. Confocal images of sections were taken with a Nikon A1-Rs inverted Laser Scanning Microscope. For BrdU and TUNEL assays, nuclei were counted in images (magnification, 400×) with the ImageJ Software program and the plugin "ITCN" to determine total cell number. BrdU-and TUNEL-positive cells in sections were enumerated with the ImageJ plugin "Cell Counter," and the percentage of positive cells per section was calculated in four polyp sections from four mice for each genotype (a total of 16 polyp sections analyzed per genotype). Vessel area density was calculated using methods previously described (47) . Briefly, the ImageJ Software command "color threshold" was used to identify regions of vWF-positive cell staining and tissue background staining in 400× images of polyp sections. 
